I. INTRODUCTION
In exothermic gas interactions at metal surfaces the dissipation of energy into the nuclear and electronic degrees of freedom of the metal typically occurs through the excitation of photons, phonons, or electrons. Of these energy loss channels, the most difficult to detect experimentally has been the excitation of electron-hole pairs. Using Schottky diode gas sensing devices, Nienhaus and others have performed measurements which give clear evidence for the electron-hole pair excitation channel under thermal energy gas exposure. 1, 2 While their results indicate that electron-hole pair excitations are a common avenue for energy loss during a gas-surface interaction at thermal energies, there have been few studies that measure the role of this channel for higher energy projectiles.
One of the first experimental demonstrations of electronhole pair detection in energetic beam scattering was the work of Amirav and Cardillo who were able to measure excitations at Ge(100) and InP(100) surfaces under Xe exposure. 3, 4 Using neutral Xe, with incident energies of 1-10 eV, a transient excitation current was seen upon impact that appeared to coincide with the creation of a local thermal "hot spot" at the surface. Other works have focused on metals and devicebased measurements, such as the metal-oxide-semiconductor (MOS) results of Ref. 5 and the metal-insulator-metal (MIM) results of Ref. 6 . The MOS measurements showed a velocitydependence that was below the so-called classical threshold for excitation of hot carriers over the internal barrier height of the device while the MIM data showed an energydependence which appeared to saturate at low incident energies (5-6 keV). In both cases, the detected hot carrier currents were required to overcome the tunnel barriers imposed by the buried insulating layers of the devices. In the work presented here, we revisit the problem of hot carrier generation using devices with no insulating barrier (Schottky diodes), measuring device currents generated as a function of the incident ion energy and angle.
In Sec. II, we present the details of our experiment including our Schottky device design. In Sec. III, we discuss the results of our measurements for Ar and Rb ions taken as a function of the ion energy and angle, respectively. A summary is presented in Sec. IV.
II. EXPERIMENT
The Schottky diodes used in these measurements were fabricated in-house at Clemson University. Silicon wafers (phosphorus doped Si h111i) with resistivities of 4.0 6 0.6 X cm (Monsanto, Inc.) served as substrates for the diodes. To form backside contacts, the wafers were etched with diluted hydrofluoric acid (2%) to remove native oxide and then 0.5 lm of Al was deposited and sintered at 450 C for 45 min in a nitrogen environment. Front-side rectifying contacts were deposited by thermal evaporation in the shape of a 6 mm dot of 99.999% Ag, as shown in Fig. 1(a) . The thickness of the Ag dot was chosen to be 25 nm as discussed below. Figure  1 (b) shows current-voltage (I-V) characteristics typical of a) Electronic mail: sosolik@clemson.edu one of our fabricated diodes. Ideality factors of $1.9 and barrier heights of $0.83 eV were obtained for the diodes, which is similar to the characteristics of Schottky diodes used in previous studies. 2 For in situ measurements, electrical contacts to the front-side were made using conductive silver paste (Ted Pella, Inc.). 7 The ion beam irradiations of fabricated devices were performed using the singly charged ion beamline at Clemson University. 8 Beams were incident on the front-side Ag contact of each device, and the resulting current through the device was measured using a Keithley 617 picoammeter connected as shown in Fig. 1(a) . This current was measured as a function of two beam parameters: kinetic energy and angle of incidence. The kinetic energy was varied from 500 to 1500 eV at normal incidence. The angle of incidence was varied from À60 to þ60 at a fixed kinetic energy of 5 keV. The kinetic energy dependent measurements were performed using Rb þ ions in a five-port custom vacuum chamber mounted directly in front of an aluminosilicate emitter ion source obtained from Heatwave Tech. 9 The energy spread of the beam was less than 1%. The setup is shown schematically in Fig. 2 where the ion beam was directed along the Z-axis while the device could be translated along the X-axis. The beam passed through a metal capillary (diameter 2.3 mm) mounted on a wide metal plate (width 25.4 mm) before reaching the diode surface. The capillary served as a mask to ensure that the ion beam interacted only with the top rectifying contact. The capillary was mounted on a translator parallel to the Y-axis, placing it $5 mm from the device surface. Beam transmission through the metal capillary was measured previously and is detailed elsewhere. 10 A Faraday cup in plane with the sample (not shown in the schematic) was used for beam tuning and for measuring ion beam currents pre-and postexposure. As the devices used in this experiment were photosensitive, care was taken to cover all vacuum port windows and limit signals arising from external light sources. However, a direct line-of-sight with the filament producing the ion beam led to a background signal. To measure the response of the sample separated from the background, the ion beams were pulsed in front of the devices using in-path deflectors resulting in a timedependent current response such as that shown in Fig. 3 . The difference between the signal with the ion beam incident on the device and the background level was determined to be the current response to the ion beam.
Angular-dependent measurements were performed on a device mounted in the beamline scattering chamber using Ar þ ions from a sputter ion source (Scienta Omicron ISE-10). 11 Here, a six-axis manipulator was used to position the device in the beam path, and the angle of incidence was varied by rotating the sample with respect to the incident beam axis.
One important parameter for these measurements was the thickness of the rectifying contact. First, a lower limit was placed on the metal contact thickness such that it would be greater than the penetration depth of the incident ions and avoid confounding our interpretation of hot electron current measurements. The software SRIM (Ref.12) was used to obtain penetration depths for our range of incident kinetic energies and a lower limit of 20 nm was obtained for the Ag film. An upper limit on the film thickness was set by considering the attenuation of any hot electron current by scattering events. It has been shown previously that the current attenuation inside a metal film depends exponentially on the film thickness (d) according to Beer's law
where the nonscattered current, I, depends on the incident current, I 0 , which is attenuated exponentially according to the mean free path, k mfp (E), for electrons in the film and the path length, d/cos(h), of those electrons through the film. The hot electrons are considered to undergo inelastic scattering events both with other cold electrons and the phononic system of the metal film, and both processes have a dependence on the excess energy of the hot electrons, hence the explicit energy dependence shown. The mean free path can also depend on the concentration of defects in the metal film.
Estimates for the ballistic k mfp for polycrystalline metal films [see, e.g., Refs. 2, 13, and 14) find them to be tens of nanometers with values that vary depending on the technique used for measurement and on the quality of the film. Here, we chose the thickness of our rectifying contact to be $25 nm, within 5 nm of the lower limit and no more than a factor of two from typical k mfp values.
III. RESULTS AND DISCUSSION
A typical measurement of the current response of our fabricated Schottky diodes to a pulsed beam of Rb þ ions is shown in Fig. 3 for a kinetic energy of 1000 eV. In Fig. 3 , the label ON signifies that the beam was directed onto the device face (e.g., at t % 10 s), while OFF signifies it was deflected away from the device face (e.g., at t % 130 s). The background signal when the beam is OFF is approximately À9 nA, while the measured signal is approximately À10.8 nA when the beam in ON. As noted in Sec. II, the background signal in these data is attributed to the photosensitivity of the devices. For all measurements, the beam was directed onto the sample for a period of $120 s, and the negative currents observed were consistent with electrons moving from the top Ag contact to the backside Al contact over the Schottky barrier. This direction of current flow is also consistent with previous measurements. 1, 2, 5, 6, 15 To obtain a value for the hot electron current generated, we subtracted the response of the device from the baseline background signal. For the data shown in Fig. 3 , the response was approximately À1.8 nA. The negative sign in the measured response is consistent with electron flow from metal to the semiconductor. As mentioned in Sec. II, the thickness of the metal film was chosen such that the incident ions would not have sufficient kinetic energy to reach the metal-semiconductor interface and thus the signal measured at the backside is not confounded by the ion current. We note that the additional time dependence observed within each time pulse is due to a capacitive effect from the deflectors used to deflect the beam. A similar time dependence was observed in beam currents measured using the in-plane Faraday cup.
Similar data were taken at other kinetic energies between 500 and 1500 eV in steps of 250 eV. For each measurement, the ion current incident onto the sample face was recorded and used to normalize the measured response and obtain the hot electron yield as a function of kinetic energy, as shown in Fig. 4 . The error bars are drawn taking into account a 50 pA variation in 1 nA (5%) in the measured currents. We find no appreciable increase in the yield data for energies below 1000 eV, while a significant increase is observed at higher energies. This upturn can be interpreted as a threshold for hot electron production and detection for ions of $1000 eV.
Typically, for exoelectron emission, a threshold is observed within the "kinetic electron excitation" (KEE) model, 5 which can be thought of as an ion-analog for the photoelectric effect where electron emission from a metal surface into the vacuum arises due to ion bombardment instead of photon bombardment. In the KEE model, the metal surface is idealized as a Fermi gas, and a threshold ion velocity (v th ) for exoelectron emission, analogous to the photon frequency in the photoelectric effect, is calculated taking into account energy transfer to the electronic system of the metal by binary collisions and the depth of the potential FIG. 3. (Color online) Hot electron current measured through a fabricated device in response to a pulsed Rb þ beam at a kinetic energy of 1000 eV. The label ON signifies that the beam was directed onto the device face (e.g., at t % 10 s), while OFF signifies it was deflected away from the device face (e.g., at t % 130 s). The background signal when the beam is OFF is approximately À9 nA, while the measured signal is approximately À10.8 nA when the beam in ON. 
For the ion species used in our experiment (Rb þ ), the calculated threshold velocity corresponds to a kinetic energy of 1139 eV, which is represented as the dashed vertical blue line in Fig. 4 . This threshold value agrees well with the upturn observed in our data near 1000 eV.
The incident angular dependence of the hot electron generation, measured for Ar þ ions at a fixed kinetic energy of 5 keV, is shown in Fig. 5 . We were constrained to an energy of 5 keV by the experimental setup for these measurements. For angles within the range À45 h 30 , we consider that the ion beam was directed fully onto the sample face, which is consistent with the constant front-side current observed in this range. As above, the hot electron current measured at the backside was negative in polarity and consistent with the data shown in Figs. 3 and 4 . The absolute value of the hot electron current is plotted in Fig. 5 as a function of the angle of incidence. The yield at normal incidence is of the same order of magnitude as compared to the energy measurements. This current is strongly peaked about the normal incidence direction and falls off on either side monotonically. We note that as the device was rotated with respect to the incoming ion beam for angles beyond the range À45 h 30 , ions made contact with exposed wires. Therefore, data within these angular ranges (indicated by the shaded areas) are ignored in our analysis.
To understand the angular data, we note that as the angle of incidence is increased, the path length for the generated hot electrons to reach the Schottky barrier increases as cos À1 (h), as shown in Eq. (1). In Fig. 6 , we plot the negative of the logarithm of the ratio of the normalized hot electron current measured at each angle h to the normalized hot electron current measured at normal incidence versus the inverse of the cosine of the angle of incidence. If we interpret these data according to Eq. (1), the slope of the resulting line is the ratio of the film thickness to the mean free path of the hot electrons in the Ag film. The linear fit shown gives a slope of 4.8 6 1.3 which, given that d ¼ 25 nm, corresponds to a mean free path of 5.2 6 1.4 nm. This mean free path value compares well with a value of 4.5 6 0.5 nm previously reported from a hot electron current attenuation measurement conducted using Schottky diodes of varying Ag film thicknesses (p. 45 in Ref.
2). However, these values are lower than the values reported in the literature for MFP using other techniques, which could be attributed to the presence of a higher number of defects in the metal film. 1). The ordinate is the negative of the logarithm of the ratio of the normalized hot electron current detected at an angle h to the normalized hot electron current detected at normal incidence (h ¼ 0 ), while the abscissa is the inverse of the cosine of the angle. The slope (4.8 6 1.3), obtained from the linear fit, is the ratio of the film thickness to the mean free path of electron inside the film.
Ballistic electron emission microscopy (BEEM), a technique developed by Bell and Kaiser, [16] [17] [18] can also be used to probe the directional momentum of hot electrons in a Schottky diode and as such is relevant to the angular measurements here. In BEEM, hot electrons from a negatively biased STM tip are injected into a metal surface and are collected, usually at a semiconductor interface, after passing through a Schottky barrier. The hot electron current is observed after a certain threshold bias voltage is reached. The transport of these hot electrons and their scattering within the metal film and at the metal-semiconductor interface is nontrivial. However, if we focus on our angulardependent measurements, it is worth noting that in BEEM, using concepts of momentum conservation across the metal-semiconductor interface, there is a critical angle for the direction of the momentum of the hot electrons at the interface. 19, 20 Beyond this angle, hot electrons are reflected back into the metal surface instead of passing into the semiconductor, in analogy to total internal reflection of light. These reflected electrons can also undergo multiple reflections in the metal film, depending on its thickness, which can lead to randomization of the original direction and loss of directional information. While further analysis of our method is required before we can compare our measurements directly to such BEEM results, we note that this added angular dependence may serve as an additional factor suppressing the apparent mean free path for electrons in our Ag film.
IV. SUMMARY
We have fabricated Schottky diodes using 25 nm Ag films deposited onto n-type Si substrates and irradiated the top metal contacts with Rb þ and Ar þ ion beams of varying kinetic energy and angle of incidence, respectively. The kinetic energy was varied between 500 and 1500 eV, and a threshold for hot electron current detection was observed between 1000 and 1250 eV. A kinetic electron emission model applied to the subsurface Schottky barrier resulted in a calculated threshold value of 1139 eV, in good agreement with our observations. The angular dependent measurements suggest that there is an anisotropic generation and transport of hot electrons through the Ag film as there is a significant drop in the detected current for non-normal incident angles. Using these data and Beer's law, an estimate of the mean free path for ballistic electrons in our Ag film is found to be 5.2 6 1.4 nm. Defects in the metal film as well as nontrivial angular effects similar to those seen in BEEM measurements could contribute to this otherwise low k mfp value. We note that as the dependence of the observed hot electron current on the thickness of the metal film can be utilized to obtain the mean free path of hot electrons, 21, 22 measurements using diodes fabricated with metal films of varying thickness are currently underway.
